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Electron effective mass enhancement in Ga(AsBi) alloys probed by cyclotron resonance spectroscopy
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The effect of Bi incorporation on the conduction band structure of Ga(AsBi) alloys is revealed by a direct
estimation of the electron effective mass via cyclotron resonance absorption spectroscopy at THz frequencies
in pulsed magnetic fields up to 65 T. A strong enhancement in the electron effective mass with increasing Bi
content is reported, with a value of mass ∼40% higher than that in GaAs for ∼1.7% of Bi. This experimental
evidence unambiguously indicates a Bi-induced perturbation of the host conduction band states and calls for
a deep revision of the theoretical models describing dilute bismides currently proposed in the literature, the
majority of which neglect or exclude that the incorporation of a small percentage of Bi may affect the conduction
band states of the host material.
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I. INTRODUCTION

Bismuth-alloyed GaAs is a semiconductor system fea-
turing an increasing interest in technological fields ranging
from spintronics to long-wavelength devices, from high-
efficiency lasers at telecom frequencies to solar cells. In-
deed, a few percentage of Bi produces a large bandgap
reduction (∼–90 meV/%-of-Bi) and spin-orbit splitting
(∼80 meV/%-of-Bi) with a relatively small change in the
lattice constant (6.7 × 10−3Å/%-of-Bi) [1–3]. Those peculiar
and interesting properties of Ga(AsBi) and related materials,
such as In(PBi) and Ga(SbBi), are attributed to a resonant
interaction between Bi-induced localized states and the va-
lence band states of the host matrix. Such an interaction
has been modeled by different theoretical approaches [4–6],
which invariably neglected the role Bi may have on the
conduction band of the host material. Therefore, in Ga(AsBi)
only a small monotonic decrease of the electron effective mass
is predicted [7,8] as a direct consequence of the narrowing of
the bandgap energy with increasing Bi concentration [9]. Re-
cently, two theoretical works [10,11] based on first-principle,
ab initio calculations have questioned this view and argued
that Bi incorporation has an important effect also on the
conduction band of the alloy with the electron effective mass
that shows a modest monotonic increase with Bi concentration
(1.12 × 10−3m0/%-of-Bi) [10].

Carrier effective masses are fundamental band structure
parameters of a critical importance in materials technology and
fundamental research since they rule the system’s response to
external perturbations. On one hand, they largely determine
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the transport and mobility properties of a semiconductor;
on the other hand, carrier effective mass measurements
have been usefully exploited for probing and disclosing the
unusual, puzzling effects that isoelectronic N-doping has in
highly mismatched dilute nitride alloys [12–14]. A number
of different methods have been proposed in the literature to
probe the carrier effective masses in semiconductors, i.e., mag-
netophotoluminescence spectroscopy, Raman spectroscopy,
Seebeck effect measurements, conductivity measurements,
etc. However, very often those methods do not give direct
access to the effective mass value, the determination of which
is subject to the knowledge of other band structure parameters
or to data interpretation hypotheses that are not always widely
accepted in the research community. In the past, experimental
evidence for a Bi-induced effect on the Ga(AsBi) conduction
band, reported by some of us by magnetophotoluminescence
investigations [15,16], has indirectly suggested an increase in
the electron effective mass upon Bi incorporation, although
a quantitative estimate of that increase could not be done.
Therefore, the effect of Bi on the host conduction states is
still an issue strongly debated in the literature [17–20], and a
direct determination of the electron effective mass in Ga(AsBi)
appears timely and crucial for both fundamental research and
technological exploitation of dilute bismide alloys [21].

Cyclotron resonance (CR) absorption spectroscopy is one
of the most widely accepted and commonly used techniques
to get a direct determination of carrier effective masses.
Notwithstanding, this technique is intrinsically challenging
and has not been applied so far to dilute bismide alloys since it
requires relatively high-quality doped crystals, in order to get
a sizable absorption by a high density of free carriers, and/or
very high magnetic fields, to satisfy the condition (ωCRτ � 1)
required for a well resolved absorption peak [22,23]. Here,
CR absorption spectroscopy at THz frequencies in pulsed
magnetic fields up to 65 T has been used to measure the
electron effective mass in Ga(AsBi) alloys. The electron
effective mass largely increases with increasing Bi content, for
∼1.7% of Bi being ∼40% higher than that in GaAs. This direct
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evidence points to a strong perturbation of the host conduction
band upon Bi incorporation, contradicting the widely accepted
idea that Bi incorporation does not affect the host conduction
band; consequently, theoretical modeling of dilute bismides
should be reconsidered and improved.

II. SAMPLES AND EXPERIMENT

We investigated two n-type Ga(AsBi) samples grown by
molecular beam epitaxy on a GaAs substrate at TG = 330 ◦C
and having Bi concentration (x) of 1.25% and 1.66%, as
determined by high-resolution x-ray diffraction experiments.
Nominal Si-doping concentrations of 3 × 1018 cm−3 and
6 × 1018 cm−3 have been supplied during the growth of the
two samples, while free-electron concentrations of 3.4 ×
1018 cm−3 and 7.3 × 1017 cm−3 were estimated by room
temperature Hall measurements, respectively. The lower free-
electron concentration found in the sample with the higher Bi
content is a clear indication of a high concentration of com-
pensating acceptors in that sample, likely due to Bi-induced
acceptors that have been reported to form in dilute bismides
and to have an exponentiallike growth with Bi content [24–26].
A Bi-free GaAs reference sample (Bi-concentration <0.1% as
estimated by x-ray diffraction measurements) has also been
grown under similar conditions for comparison reasons. Table I
reports the main growth parameters along with the relevant
physical quantities determined in this paper [27]. Further
details on the growth conditions can be found elsewhere [28].
The CR absorption spectroscopy has been performed in the
temperature range 4.2–145 K by pulsing the magnetic field up
to a value of 65 T, with a pulse cycle of 150 ms, and recording
the intensity of a THz monochromatic radiation transmitted
through the sample in a Faraday geometry. Quantum cascade
lasers (QCLs) at wavelengths of 15 µm and 66 µm have been
used as generators of THz radiation, which has been detected,
respectively, by a Si:B blocked impurity band photodiode or a
Ge:Ga extrinsic photoconductor. A detailed description of the
experimental setup can be found elsewhere [29].

III. RESULTS AND DISCUSSION

Temperature-dependent CR studies (T = 4.2 K, 77 K,
and 145 K) have been performed in order to correctly

(a)

(b)

FIG. 1. Normalized transmission spectra recorded (a) on a GaAs
reference sample and (b) on a Ga(AsBi) sample with Bi concentration
x = 1.66% for different values of temperature and incident radiation
wavelength (indicated in the figure). The CR (red and purple points)
and ICR (black point) peaks are identified at different temperatures.

address the effect of Bi incorporation on the conduction
band states of the host matrix by disentangling genuine CR
free-electron absorption from localized impurity or Bi-cluster
related absorptions. Carrier freeze-out on localized states
results, indeed, in an impurity-shifted CR (ICR) peak [30],
which appears at lower fields than the free-electron CR peak
and may dominate the transmission spectra at relatively low
temperatures. With increasing temperature, absorption from
those ionized states decreases with respect to the free-electron
resonant absorption, as shown, for example, in Fig. 1, both in
the case of the GaAs reference sample and for the Ga(AsBi)

TABLE I. Summary of properties of the investigated samples. x and t are, respectively, the Bi concentration and the thickness of the
Ga(AsBi) layer as determined by high-resolution x-ray diffraction measurements; ne and μe are, respectively, the density and mobility of free
electrons, as determined by both direct transport measurements at room temperature and CR spectroscopy; me

CR is the CR electron effective
mass; and τe is carrier scattering time as derived within a Drude model [27]. The GaAs reference sample (x < 0.1%) has been grown at
low temperature (TG = 370 ◦C) under conditions similar to those used for Bi-containing samples. Bi surfactant has been used to increase the
structural quality of the GaAs reference sample.

From transport measurements From CR spectroscopy

Bi Layer Electron Electron Electron Electron CR electron Scattering
content thickness density mobility density mobility effective mass time
x (%) t (nm) ne (cm−3) μe(cm2V−1s−1) ne(cm−3) μe(cm2 V−1 s−1) me

CR(m0) τe(fs)

<0.1 667 1.0 × 1017 3500 (9.8 ± 7.1) × 1016 2853 ± 60 0.066 ± 0.005 123 ± 23
1.25 300 3.4 × 1018 927 (6.8 ± 0.2) × 1018 800 ± 94 0.074 ± 0.001 34 ± 4
1.66 300 7.3 × 1017 605 (7.3 ± 1.2) × 1017 588 ± 44 0.095 ± 0.007 44 ± 8
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sample at 1.66% of Bi. In particular, for the Ga(AsBi) sample
the CR peak shifts towards high magnetic fields and gets
more symmetric by increasing the temperature from 4.2 K
to 77 K. A further increase in temperature from 77 K to
145 K does not produce major changes in the CR peak but
for a general moderate decrease of the signal, thus indicating
that temperatures equal or higher than 77 K are needed to
ensure a negligible contribution from ICR absorption to the
CR spectrum, while they not distort the CR peak. In the
investigated samples, an absorption from Bi-related localized
states at T < 50 K has been confirmed also by temperature-
and power-dependent photoluminescence spectroscopy (not
shown here). On this ground, CR experiments have been
performed at temperatures high enough to provide a reliable
estimate of the effective mass of free electrons in Ga(AsBi).

Figure 2 shows the results of CR experiments on the two
Ga(AsBi) samples recorded under condition of temperature
and THz radiation optimized independently for each sample
to ensure a well-defined CR absorption peak and to reduce
the possible influence of absorptions from localized states.

(a)

(b)

FIG. 2. Normalized transmission spectra recorded on Ga(AsBi)
samples (a) with Bi concentration x = 1.25% and (b) 1.66%. The
CR spectra (violet points) recorded on a GaAs reference sample
(x < 0.1%) are also shown for ease of comparison. Temperature and
incident radiation wavelength are indicated in the figure. Black lines
are classical CR absorption fits to the data using Eqs. (2) and (3).
Down arrows indicate the minimum of CR spectra (i.e., Bres). The
best fit values of the electron effective mass (me

CR) are displayed.

The comparison with CR spectra acquired under the same
conditions in the GaAs reference sample clearly indicates a
marked shift of the CR peak towards high magnetic fields and
a sizable peak broadening in the Ga(AsBi) samples; both of
those effects can be easily quantified by classical modeling of
CR absorption spectra.

In a semiconductor subject to an external magnetic field
(B), a free carrier moves into circular orbits in the plane
perpendicular to the field with an angular frequency given by

ωCR = qB
/
m∗, (1)

where q is the electric charge of the carrier and m∗ is its ef-
fective mass. Under incident monochromatic electromagnetic
radiation and variable magnetic field, as in our experimental
configuration, a free carrier can absorb the electromagnetic
energy only when the magnetic field is such that ωCR equals the
angular frequency of the incident radiation (2πc/λ). Therefore,
the magnetic field value (Bres = 2πcm∗/qλ) at which the
electromagnetic radiation is resonantly absorbed depends only
on the effective mass of the absorbing carrier, and thus CR ab-
sorption provides a direct and easy access to such a fundamen-
tal band structure parameter. The lineshape of the CR absorp-
tion spectrum provides further information: on the density (n,
via the integrated absorption strength of the CR peak) and on
the mobility (µ, via the CR spectral linewidth) of the involved
free carriers. Indeed, for linearly polarized incident radiation—
as that used in our set up—and by considering only one type
of absorbing carriers, i.e., electrons or holes, the transmission
(T ) through the sample is given by the Beer-Lambert law

T = A(1 − R)2 (e−αd + 1)

2
, (2)

where A is the incident radiation intensity, R and d are the re-
flectivity and thickness of the absorbing layer, respectively, and
α is the absorption coefficient. In turn, α can be expressed as

α =
nqμ

/
ε0n1c

1 + (2πcm∗/
qλ − B)

2
μ2

, (3)

where ε0 is the vacuum permittivity, n1 is the refractive index
of the sample, and λ is the wavelength of the incident radiation.
The effective mass determined by this technique is usually
called CR effective mass (mCR) and probes the band structure
of the sample around the Fermi level. For n-type doped
samples, the CR electron effective mass (me

CR) is obtained.
The best fit values of the free-electron mass (me

CR),
mobility (μe), and density (ne) obtained by modeling the CR
data with Eqs. (2) and (3) are reported in Table I [27]. The
values of mobility and electron density extracted by CR spec-
troscopy well match the values obtained by standard transport
Hall measurements at room temperature, thus confirming the
correctness of the theoretical model used to fit the CR data and
strengthening the reliability of the extracted values of electron
effective mass. The good quality of the fitting procedure is
also confirmed by good agreement between the value of me

CR

obtained by best fitting the whole CR spectra and the value
one can get by simply analyzing the CR peak position in terms
of Bres.

The values of mCR
e are now compared with the experimental

results and theoretical calculations reported in the literature
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(see Fig. 3). As mentioned in the Introduction, the majority of
the theoretical models describing Bi effects in III-V alloys
do not predict direct effects on the conduction band, and
the electron effective mass is expected to smoothly decrease
(dotted line in the figure; see Ref. [8]) following the narrowing
of the bandgap energy with increasing Bi concentration. This
widespread view has been questioned first by experimental
evidences of a Bi-induced perturbation of the conduction
band [15,16] and then by first-principle calculations predicting
a moderate increase in the electron effective mass with
increasing Bi concentration (dashed line in the figure; see
Ref. [10]). On the experimental side, the only values of
electron effective mass available so far in the literature are
those extracted from the temperature-dependent damping of
Shubnikov–de Haas (SdH) oscillations in n-type Ga(AsBi)
samples for a range of Bi concentrations (x < 1%), quite
narrower than that spanned by our paper [17]. Those data,
however, do not show a clear compositional trend, as shown
by open circles in Fig. 3: The SdH electron effective mass
(me

SdH) first gradually increases with Bi concentration in
the range 0%–0.4%, as our data do, then it decreases at
higher Bi concentration (0.8%–0.9%), although by an amount
comparable with the experimental uncertainty.

On the contrary, the CR measurements we report unambigu-
ously indicate a strong enhancement with Bi concentration of
the electron effective mass, with a value of me

CR = (0.095 ±
0.007)m0 for [Bi] = 1.66%, namely a value of mass 40%
higher than that in GaAs for a similar doping level. These CR
data confirm the early findings of a Bi-induced perturbation of

FIG. 3. Compositional dependence of the electron effective mass
in Ga(AsBi). The experimental values of CR effective mass (mCR

e , red
squares) are compared with values deduced by SdH measurements
(mSdH

e , open circles; see Ref. [17]) and theoretical expectations based
on the valence band anticrossing model (dotted line; see Ref. [8])
or first-principles calculation (dashed line; see Ref. [10]). Inset:
Variation of different effective masses in Ga(AsBi) with respect to
the value in GaAs as a function of Bi content [�f (x) = f (x)/f (x =
0)–1]. The variation of the CR electron effective mass (�mCR

e , red
squares) are compared with that of the exciton reduced mass as
deduced by the magnetophotoluminescence spectroscopy on similar
samples (�μexc, black circles; see Refs. [16] and [31]).

the host conduction band we have reported by measuring the
exciton reduced mass (μexc) via magneto-optical spectroscopy
on intrinsic Ga(AsBi) samples [16,31]. It should be noticed
the excellent quantitative agreement between the percentage
variation of cyclotron electron effective mass (�me

CR) and
that of the exciton reduced mass (�μexc) with respect to
the value in GaAs (see inset in Fig. 3). Such an agreement
is expected for an electron effective mass much smaller
than the hole effective mass (being 1/μexc = 1/me + 1/mh),
as it is the case of GaAs and of Ga(AsBi) for small Bi
content (where a value of mh = 0.47 m0 has been reported
by Landau-level spectroscopy) [32]. In this respect, it is worth
recalling that the magnetophotoluminescence spectroscopy on
intrinsic Ga(AsBi) samples probes the band structure at the 	

point (i.e., at k = 0) [16], while the CR spectroscopy on doped
samples probes the band structure around the Fermi level (i.e.,
at kF = 5.9 × 108 m−1 and 2.8 × 108 m−1 for the 1.25% and
1.66% sample, respectively). Notwithstanding, the two sets of
data match each other, thus suggesting on one side limited
or negligible nonparabolic effects on the conduction band of
Ga(AsBi) alloys, at least up to ∼1.7% of Bi. A parabolic
conduction band in Ga(AsBi) is suggested also by the value
of the electron effective mass (0.074 m0) found in the 1.25%
sample for a doping level of ∼7 × 1018 cm−3. Such a value,
indeed, is sizably lower than that reported for a similar doping
level in GaAs (∼0.082 m0) as a result of the conduction
band nonparabolicity [33]. Finally, the results reported in the
inset of Fig. 3 confirm that the magnetophotoluminescence
spectroscopy can be a valid and complementary technique
to directly address the transport properties even for highly
disordered semiconductor systems, as demonstrated here for
the case of dilute bismides.

IV. CONCLUSIONS

In summary, a direct experimental evidence of a strong
electron effective mass enhancement in Ga(AsBi) alloys upon
Bi incorporation has been reported, with a value of effective
mass 40% higher than that in GaAs for [Bi] ∼ 1.7%. These
results, obtained by CR absorption spectroscopy at THz
frequencies and high magnetic fields, confirm early indirect
evidences of Bi-induced perturbations on the host conduction
band [15,16,19] and call for a deep revision of the theoretical
models currently proposed in the literature. The majority of
those models, indeed, neglect the effects that the incorporation
of a small percent of Bi atoms may have on the conduction
band states of the host materials. Moreover, our result opens
interesting scenarios in which Bi alloying can be exploited
to engineer the conduction as well as the valence band of
III-V semiconductors and will drive further investigations and
innovative applications of the peculiar electronic properties of
dilute bismides.
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acknowledges A. Patanè (The University of Nottingham) for
fostering this work and A. Polimeni and M. Capizzi (Sapienza
University of Rome) for useful discussions.

[1] T. Tiedje, E. C. Young, and A. Mascarenhas, Int. J. Nanotechnol.
5, 963 (2008).

[2] T. Fuyuki, R. Yoshioka, K. Yoshida, and M. Yoshimoto, Appl.
Phys. Lett. 103, 202105 (2013).

[3] B. Heshmat, M. Masnadi-Shirazi, R.B. Lewis, J. Zhang, T.
Tiedje, R. Gordon, and T. E. Darcie, Adv. Optical Mater. 1,
714 (2013).

[4] Y. Zhang, A. Mascarenhas, and L.-W. Wang, Phys. Rev. B 71,
155201 (2005).

[5] K. Alberi, O. D. Dubon, W. Walukiewicz, K. M. Yu, K. Bertulis,
and A. Krotkus, Appl. Phys. Lett. 91, 051909 (2007).

[6] M. Usman, C. A. Broderick, A. Lindsay, and E. P. O’Reilly,
Phys. Rev. B 84, 245202 (2011).

[7] C. A. Broderick, S. Mazzucato, H. Carrere, T. Amand, H.
Makhloufi, A. Arnoult, C. Fontaine, O. Donmez, A. Erol, M.
Usman, E. P. O’Reilly, and X. Marie, Phys. Rev. B 90, 195301
(2014).

[8] M. M. Habchi, A. Ben Nasr, A. Rebey, and B. El Jani, Infra.
Phys. Tech. 67, 531 (2014).

[9] C. Hermann and C. Weisbuch, Phys. Rev. B 15, 823 (1977).
[10] M. Mbarki and A. Rebey, Semic. Sci. Tech. 26, 105020 (2011).
[11] R. Kudrawiec, J. Kopaczek, M. P. Polak, P. Scharoch, M.

Gladysiewicz, J. Misiewicz, R. D. Richards, F. Bastiman, and J.
P. R. David, J. Appl. Phys. 116, 233508 (2014).

[12] F. Masia, G. Pettinari, A. Polimeni, M. Felici, A. Miriametro, M.
Capizzi, A. Lindsay, S. B. Healy, E. P. O’Reilly, A. Cristofoli,
G. Bais, M. Piccin, S. Rubini, F. Martelli, A. Franciosi, P. J.
Klar, K. Volz, and W. Stolz, Phys. Rev. B 73, 073201 (2006).

[13] G. Pettinari, A. Polimeni, F. Masia, R. Trotta, M. Felici, M.
Capizzi, T. Niebling, W. Stolz, and P. J. Klar, Phys. Rev. Lett.
98, 146402 (2007).

[14] T. Dannecker, Y. Jin, H. Cheng, C. F. Gorman, J. Buckeridge,
C. Uher, S. Fahy, C. Kurdak, and R. S. Goldman, Phys. Rev. B
82, 125203 (2010).

[15] G. Pettinari, A. Polimeni, M. Capizzi, J. H. Blokland, P. C. M.
Christianen, J. C. Maan, E. C. Young, and T. Tiedje, Appl. Phys.
Lett. 92, 262105 (2008).

[16] G. Pettinari, A. Polimeni, J. H. Blokland, R. Trotta, P. C. M.
Christianen, M. Capizzi, J. C. Maan, X. Lu, E. C. Young, and T.
Tiedje, Phys. Rev. B 81, 235211 (2010).

[17] B. Fluegel, R. N. Kini, A. J. Ptak, D. Beaton, K. Alberi, and A.
Mascarenhas, Appl. Phys. Lett. 99, 162108 (2011).

[18] S. Mazzucato, T. T. Zhang, H. Carrère, D. Lagarde, P. Boonpeng,
A. Arnoult, G. Lacoste, A. Balocchi, T. Amand, C. Fontaine, and
X. Marie, Appl. Phys. Lett. 102, 252107 (2013).

[19] Y. I. Mazur, M. D. Teodoro, L. Dias de Souza, M. E. Ware, D.
Fan, S.-Q. Yu, G. G. Tarasov, G. E. Marques, and G. J. Salamo,
J. Appl. Phys. 115, 123518 (2014).

[20] M. K. Shakfa, K. Jandieri, M. Wiemer, P. Ludewig, K. Volz, W.
Stolz, S. D. Baranovskii, and M. Koch, J. Phys. D: Appl. Phys.
48, 425101 (2015).

[21] H. Tong, X. Marie, and M. W. Wu, J. Appl. Phys. 112, 063701
(2012).

[22] G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev. 98, 368
(1955).

[23] G. Pettinari, A. Polimeni, M. Capizzi, J. H. Blokland, P. C.
M. Christianen, J. C. Maan, V. Lebedev, V. Cimalla, and O.
Ambacher, Phys. Rev. B 79, 165207 (2009).
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